ABSTRACT: Alexandrium tamarense is a common harmful algal bloom species that can cause high concentrations of paralytic shellfish poisoning toxins (PSTs) in marine coastal waters. PSTs are nitrogen-rich alkaloids, and their production has been shown to depend on resource conditions as well as on growth rate. We hypothesized that PST content in A. tamarense depends on the nitrogen availability and will increase with cellular N:P ratios and arginine content. To test this hypothesis, we first grew A. tamarense cells under nitrogen-starved, phosphorus-starved and nutrient-replete conditions. Subsequently, we transferred cells into a nutrient-rich medium and followed dynamic changes in growth, elemental stoichiometry, as well as amino acid and PST content and composition. Our results illustrate that PST content was lowest under nitrogen starvation, intermediate under nutrient-replete conditions, and highest under phosphorus starvation. As expected, PST content correlated well with cellular N:P ratios and arginine content. Upon transfer of cells into a nutrient-replete medium, PST content varied with growth rate, depending on the growth-controlling resource. Specifically, PST content increased with growth when recovering from nitrogen starvation and decreased with growth when recovering from phosphorus starvation. Furthermore, PST composition shifted towards less hydroxylated analogues upon resumption of growth. Our findings also illustrate a high potential for luxury consumption of phosphorus by A. tamarense. The applied comprehensive approach will help to further elucidate the intriguing coupling between carbon, nitrogen and phosphorus assimilation and the synthesis of amino acids and PSTs.
INTRODUCTION
Nutrient concentrations in marine ecosystems have dramatically increased as result of anthropogenic eutrophication (Nixon 1995 , Smith et al. 1999 ). This often leads to the proliferation of harmful algal blooms (HABs) that may cause mass mortalities of fish, illness and death of marine mammals, seabirds, and humans (Granéli & Turner 2006 , Anderson et al. 2012b . In marine coastal waters, HABs are commonly produced by dinoflagellates from which the genus Alexandrium is among the most prominent with respect to its diversity and global distribution (An derson et al. 2012a) . Moreover, Alexandrium blooms are often responsible for the outbreak of paralytic shellfish poisoning (PSP), which is caused by the neurotoxin saxitoxin and its analogues (Shimizu 1996 , Cembella 1998 .
PSP toxins (PSTs) are nitrogen-rich alkaloids produced by a variety of Alexandrium species, including A. tamarense (Cembella 1998 , Anderson et al. 2012a . Being nitrogen-rich compounds, it is not surprising that PST production has been shown to rely on the relative availability of nitrogen. More specifically, the cellular PST content seems to increase upon phosphorus limitation and decrease upon nitrogen limitation (Boyer et al. 1987 , Anderson et al. 1990a ,b, Flynn et al. 1994 , Béchemin et al. 1999 , John & Flynn 1999 , 2000 . Because cellular N:P ratios typically increase due to phosphorus limitation and decrease upon nitrogen limitation, PST content in Alexandrium often correlates well with cellular N:P ratios, especially when grown under nutrient-limiting conditions (Leong et al. 2004 , Granéli & Flynn 2006 , Lim et al. 2010 , Murata et al. 2012 . When not limited by nutrients, PST production has been associated with the cell cycle (Taroncher-Oldenburg et al. 1997 ) and was shown to either increase or decrease with growth rate depending on the growth-controlling environmental factor (Anderson et al. 1990a ,b, Cembella 1998 , Parkhill & Cembella 1999 . Little is yet known about the temporal responses of Alexandrium to a nutrient pulse with respect to growth, C:N:P stoichiometry, amino acid synthesis and the content and composition of PSTs.
The dependence of toxin production on nitrogen availability was also found for nitrogen-rich microcystins in the cyanobacterium Microcystis, which increased with cellular N:C ratios ( Van de Waal et al. 2009 ). Microcystins comprise up to 89 variants that differ with respect to 2 amino acid positions (Welker & von Döhren 2006) . Common amino acids incorporated are leucine, arginine and tyrosine (Sivonen & Jones 1999) . It has been shown that the relative cellular availability of arginine substantially increased by providing a pulse of nitrogen to nitrogen-limited cells, which in turn stimulated the incorporation of arginine into microcystins (Tonk et al. 2008 , Van de Waal et al. 2010) . Arginine is an important precursor for PSTs (Shimizu et al. 1984) , and its cellular content was shown to correlate well with the cellular PST content (Anderson et al. 1990b , Flynn et al. 1996 , John & Flynn 2000 .
Proliferation of phytoplankton is accompanied by substantial changes in resource availability. For instance, high phytoplankton densities under nutrientrich conditions may cause light limitation (Huisman et al. 1999 ) and a substantial perturbation of the carbonate chemistry towards low CO 2 and high pH conditions (Talling 1976 , Hansen 2002 . Furthermore, phytoplankton may become limited by nutrients, notably nitrogen and phosphorus (Elser et al. 2007 ). These nutrients can be resupplied by the input of nutrient-rich waters from riverine discharge and from deep waters as the result of mixing induced by storms, upwelling, or frontal systems. As a con sequence, nitrogen-and phosphorus-limited or -starved cells are suddenly exposed to high concentrations of these nutrients. Such sudden shifts in nutrient availability may cause substantial changes in phytoplankton C:N:P stoichiometry and in turn may have consequences for the production of toxins (Granéli & Flynn 2006 , Van de Waal et al. 2009 ).
Although many studies have reported on the impact of nitrate and phosphate availability on PST production, only few included PST composition, C:N:P stoichiometry, as well as amino acid composition. Yet, it is such a comprehensive approach that may provide an understanding of processes underlying the production of PSTs. Since PSTs are produced from the nitrogen-richest amino acid arginine, we hypothesize that changes in PST content can be ex plained by changes in the nitrogen availability and amino acid composition. More specifically, we expect PST content to increase with cellular N:P ratios and arginine content. To test this hypothesis, we grew Alexandrium tamarense under nitrogen-starved, phosphorus-starved, and nutrientreplete conditions. Once in stationary phase, we transferred cells to a nutrient-rich medium, thereby simulating a nutrient pulse. Subsequently, we followed the dy na mic changes in their cellular C:N:P stoichiometry, amino acid composition, as well as PST content and composition.
MATERIALS AND METHODS

Experimental set-up
The clonal strain Alexandrium tamarense Alex2 was originally isolated from the Scottish east coast of the North Sea by micro-capillary isolation of single cells (for details see Alpermann et al. 2009 ). This strain is characterized by the production of various PST analogues, mainly saxitoxin (STX), neosaxitoxin (NEO), C1+C2, and gonyautoxins (GTX1-4), and by its high allelochemical potency . In these second incubations, cells were exposed to a sudden nutrient pulse as a result of the transfer of cultures from the LN, LP and HNHP conditions into the nutrient-replete modified K medium, here indicated by a '+' sign (i.e. LN+, LP+ and HNHP+, respectively). Subsequently, cultures were sampled daily or every other day until reaching late exponential growth at population densities of 6000 cells ml −1 . All experimental treatments, i.e. both the first and second incubations, were set up in triplicate incubations.
Sampling and analyses
For measurements of NO 3 − and PO 4 3− during the first incubations, 30 ml of culture suspension from each replicate was filtered over GF/C filters (Whatman), and samples were stored in plastic flasks at −20°C. Measurements of thawed samples were based on the standard methods of seawater analysis (Grasshoff et al. 1999 ) via a Continuous Flow Analyser (Evolution III, Alliance) with detection limits of 0.1 and 0.01 µM for NO 3 − and PO 4 3− , respectively. pH was measured immediately after sampling with a pH electrode (Schott Instruments), and a 2-point calibration on the NBS scale was applied prior to each measurement.
Population densities were determined by means of duplicate or triplicate counts of 300 to 500 cells per sample with an inverted light microscope (Axiovert 40C). For counting we used 0.2 to 10 ml culture suspension fixed with Lugol's solution (2% final concentration). Specific growth rates were determined by the intrinsic rate of increase in population densities (Gotelli 1995) , and maximum growth rates (μ max ) were based on an exponential regression through population densities obtained during the exponential growth phase.
For particulate organic carbon, nitrogen and phosphorus analyses, 10 to 100 ml cell suspension was filtered over precombusted GF/F filters (12 h, 500°C) and stored at −25°C in precombusted glass Petri dishes. Carbon and nitrogen were analyzed on an elemental analyzer (EURO EA3000 series). Prior to phosphorus analyses, filters were oxidized with potassium persulfate for 30 min at 121°C, and phosphorus was analysed colorimetrically in accordance with Hansen & Koroleff (1999) . The initial carbon content of cells differed between the treatments, which may be associated with the differences in cell size (Zhu & Tillmann 2012) . After transfer into a nutrient-replete medium, the cellular carbon content may correspond to cell size, but it may also represent changes in the synthesis of carbon-rich cellular compounds. Therefore, we expressed the elemental, amino acid and PST contents on a per cell basis.
For analyses of PSTs and amino acids, 1 to 150 ml of culture suspension was filtered over 0.8 µm polycarbonate filters and stored in Eppendorf tubes at −25°C. Thus, extracellular PSTs were excluded and the reported data only includes particulate-bound (i.e. intracellular) PSTs. Prior to analyses of PSTs, cells were re-suspended in 1.2 ml of 0.03 mol l −1 acetic acid and lysed for 1 min with a Sonifier 250 ultrasonic probe (Branson Ultrasonics). Samples were transferred into new 1.5 ml reaction vials and centrifuged for 15 min at 10 000 × g at 4°C. The supernatant was subsequently transferred into an LC vial and analysed with an Agilent 1100 series HPLC system equipped with fluorescence detection (Agilent), coupled to a PCX 2500 post-column derivatization system (Pickering Laboratories). Separation of analytes was performed on a Phenomenex reversedphase column (5 µm, C18, 250 × 4.6 mm) equipped with a Phenomenex SecuriGuard pre-column (Krock et al. 2007 ).
Prior to analyses of amino acids, samples were hydrolyzed with 16% HCl in the presence of ascorbic acid at 110°C for 24 h. Subsequently, a borate buffer was added to adjust for a constant pH of 9.5 (Fitznar et al. 1999) . After derivatization with o-phthaldialdehyde and 2-mercaptoethanol (Merck), amino acids were analysed with an Agilent 1200 Series HPLC system equipped with an autosampler for automatic derivatization and fluorescence detection (Agilent), and a Phenomenex Kinetex column (2.6 µm, C18, 150 × 4.6 mm) with guard column (4 × 3 mm). Glutamic acid (Glu) and aspartic acid (Asp) can be formed during hydrolysis from glutamine (Gln) and asparagine (Asn), respectively. Therefore, these amino acids were pooled and reported as Glx (Glu+Gln), and Asx (Asp+Asn). Amino acid concentrations in the extract were calculated based on a series of standard amino acid analyses (SigmaAldrich).
Statistical analyses
Growth, elemental contents and ratios, and PST data were tested for normality using the ShapiroWilk test. Significance of differences between treatments was tested using 1-way ANOVA, followed by a Tukey's HSD post hoc test. Variables were logtransformed if this improved the homogeneity of variances, as evaluated by Levene's test (α = 0.05; Quinn & Keough 2002) . When normality failed, significance of differences between treatments was tested using Kruskal-Wallis 1-way ANOVA on ranks, followed by a Student-Newman-Keuls test. All statistical analyses were performed using Sig ma plot 12.0 (Systat Software).
RESULTS
In the first incubations prior to the transfer of cells into a nutrient-replete medium, population densities reached the stationary phase after ~8 d. In the stationary phase, we assumed that LN cultures were starved by nitrogen, LP cultures by phosphorus, and HNHP cultures by inorganic carbon or were affected by the high pH (Fig. 1) . The assumption of nitrogen and phosphorus starvation was based on low residual nutrient concentrations (i.e. below detection limit), while nutrient concentrations were in excess in the HNHP treatment. Furthermore, cell growth resumed after the addition of just nitrate or phosphate, suggesting starvation by nitrogen and phosphorus in the LN and LP treatments, respectively (for details see Zhu & Tillmann 2012 ). In the second incubations after the transfer into a nutrient-replete medium, HNHP+ cultures resumed growth immediately, whereas LN+ and LP+ cultures resumed growth after 4 and 1 d, respectively. All cultures were grown until they reached the late exponential phase with a population density of 6000 cells ml −1 and a pH of 9.1, comparable to the late exponential phase observed in the HNHP treatment prior to nutrient resupply ( Fig. 1 ). Maximum growth rates obtained during the exponential growth phase (Days 0−9) prior to nutrient resupply were similar in all cultures. After nutrient resupply, however, maximum growth rates in the LN+ (Days 18 −25) and LP+ (Days 15−25) treatments were 16 and 32% lower as compared to the HNHP+ treatment (Days 14−22) ( Table 1 ; ANOVA, F 3, 8 = 91.6, p < 0.001).
The cellular carbon content prior to the transfer of cells into a nutrient-replete medium was highest in the LP treatment, containing 50 to 60% more carbon as compared to the HNHP and LN treatments ( Fig. 2A, Table 1 ; ANOVA, F 6,14 = 27.8, p < 0.001). Lowest nitrogen content was observed in the LN treatment, containing 51 to 58% less nitrogen as compared to the HNHP and LP treatments (Fig. 2C , Table 1 ; ANOVA, F 6,14 = 49.7, p < 0.001). Similarly, Table 1 ; ANOVA, F 6,14 = 83.5, p < 0.001). As a consequence of these differences in carbon, nitrogen and phosphorus contents, C:N ratios where highest in the LN treatment, whereas N:P and C:P ratios were highest in the LP treatments (Fig. 2B ,D,F, Table 1 ).
After the transfer into a nutrient-replete medium, the carbon and nitrogen contents, and C:N ratios, converged to comparable values in all treatments ( Fig. 2A ,B,C, Table 1 ). Interestingly, nutrient resupply to phosphorus-limited cells caused a considerable initial increase in phosphorus content of over 28-fold within 2 d. After this peak, the phosphorus content gradually decreased towards values similar to the HNHP+ and LN+ treatments (Fig. 2C , Table 1) . As a consequence, in the LP+ treatment both the N:P and C:P ratios show an initial decrease from 50 to 5 and 439 to 34, respectively, with a subsequent gradual increase. The N:P and C:P ratios in the HNHP+ and LN+ treatment show an initial increase during the first day after the transfer of cells, which afterwards remains largely unaltered (Fig. 2D,F) . The carbon and phosphorus contents, as well as the N:P and C:P ratios, observed at the end of each experiment resemble those observed in the HNHP treatment, whereas the nitrogen content was higher (Table 1) .
Upon nutrient starvation, total amino acid content differed substantially between the treatments (Fig. 3) . Lowest amounts of cellular amino acids were found in the LN treatment (2.6 ± 0.8 pmol cell ). After transferring the cultures, amino acid content in the LN+ treatment gradually increased, whereas it showed a drop followed by an increase in the LP+ and HNHP+ treatments until reaching comparable values in all treatments (Fig. 3) . The amino acid composition in the different treatments differed upon nutrient starvation. For instance, cellular contents of Glx and arginine were higher in the LP treatment, whereas cellular contents of alanine, serine and glycine were higher in the HNHP treatment. In the LN treatment, all amino acids were present only in low amounts (Fig. 4A) . After transferring the cultures, amino acid content in the LN+ treatment increased to comparable values as the LP+ treatment (Fig. 4B ). Yet, in the LP+ treatment, cellular contents of valine and leucine were relatively low (0.15 ± 0.06 and 0.31 ± 0.13 pmol cell −1 , respectively), whereas the glycine content was relatively high (3.55 ± 2.72 pmol cell −1 ). In the HNHP+ treatment, cellular contents of all amino acids, except glycine, showed an increase after nutrient resupply. At the end of each experiment (i.e. at the late exponential growth phase), the amino acid composition in each treatment was comparable (Fig. 4C) .
The different treatments resulted in large differences in cellular PST content, which was lowest in the LN treatment (15 ± 1.0 fmol cell Table 1 . Alexandrium tamarense. Maximum growth rate (μ max ), carbon, nitrogen and phosphorus content, C:N, N:P, and C:P ratios, and paralytic shellfish poisoning toxins (PST) content in the different treatments and growth phases. Data of the high nitrogen and high phosphorus (HNHP) treatment in the exponential growth phase of the 1st incubation (HNHPexp) was obtained from Day 9 (see also Zhu & Tillmann 2012) ; data from the HNHP treatment was obtained from Day 14. Data of HNHP+, LN+, and LP+ treatment in the 2nd incubations were obtained from Days 22, 29, and 25, respectively (+: nutrientreplete modified K medium). Values: mean ± SD (n = 3). LN: low nitrogen; LP: low phosphorus.
a−e
Significant differences between treatments and growth phases (ANOVA, p < 0.001, followed by Tukey's HSD, p < 0.05). *Kruskal-Wallis 1-way ANOVA on ranks, p < 0.01, followed by Student-Newman-Keuls test, p < 0.05 Fig. 5 , Table 1 ). After transferring cultures into a nutrient-replete medium, PST content in the HNHP+ treatment remained unaltered, whereas it decrea sed by 38% in the LP+ treatment (Fig. 5) . PST content in the LP+ treatment 4 d after the transfer rapidly increased towards values exceeding those found in the HNHP+ treatment.
In the LN+ treatment, PST content gradually in crea sed until reaching comparable values as observed in the HNHP+ treatment (Fig. 5 , Table 1 ). Upon nutrient star vation, PST composition consisted predominately of neo saxitoxin (44−52%), followed by C1+C2 (31−33%), saxitoxin (12−17%) and gonyautoxin 3 and 4 (GTX3+ 4; 7−13%; Fig. 5 , Table 2 ). After the transfer of cultures into a nutrientreplete medium, the relative contribution of C1+C2 and GTX3+ 4 remained largely unaltered, whereas the relative contribution of NEO significantly de crea sed by 7 to 14% (ANOVA, F 5,12 = 41.9, p < 0.001) and STX significantly increased by 9 to 14% (Fig. 5 , Table 2 ; ANOVA, F 5,12 = 131.4, p < 0.001).
Prior to the transfer of cultures, PST content correlated well with cellular N:P ratios (Fig. 6A , R 2 = 0.82, n = 9, p < 0.001), and particularly with the cellular arginine content (Fig. 6B , R 2 = 0.97, n = 9, p < 0.001). After transferring the cultures, growth rates in crea sed and PST content showed differential chan ges (Fig. 6C) . More specifically, PST content increased in the LN+ treatment (R 2 = 0.97, n = 24, p < 0.001), decreased in the LP+ treatment (R 2 = 0.28, n = 21, p = 0.013), and remained unaltered in the HNHP+ treatment (R 2 = 0.04, n = 18, p = 0.437).
DISCUSSION
The resupply of nutrients to starved Alexandrium tamarense cells caused substantial changes in their growth, cellular C:N:P stoichiometry, amino acid composition, and cellular PST con tent. When cells were grown to stationary phase under nutrient-rich conditions in the first incubations, growth presumably became limited by CO 2 or by high pH (Hansen . After the transfer of these cultures into a fresh medium, cells immediately resumed growth towards maximum growth rates similar to those prior to the transfer (Fig. 1, Table 1 ). In the nitrogen-and phosphorus-starved cultures, nutrient resupply caused growth to resume after a lag phase of 4 and 1 d, respectively (Fig. 1) . The elongated lag phase upon nutrient resupply to nitrogen-starved cells confirm earlier observations (Zhu & Tillmann 2012 ) and clearly demonstrate a 'carry-over' effect of nitrogen starvation.
The maximum attained growth rates after nutrient resupply to phosphorus, but particularly to the nitrogen-starved cultures, were lower as compared to those measured prior to nutrient resupply. When phytoplankton are limited or starved by nitrogen, synthesis of nitrogen-rich cellular compounds, for instance proteins like transporters and enzymes, is typically reduced (Sterner & Elser 2002) . This is also apparent from the lower amino acid content ob ser ved upon nitrogen starvation (Figs. 3 & 4) . After resupply of nitrogen, the cellular nitrogen content fully recovered within 1 d, whereas full recovery of amino acid and PST contents seems much slower and lasted 4 and 8 d, respectively (Figs. 2−5) . The slow recovery of the cellular amino acid content may explain the longer lag phase and possibly even underlie the lower achieved maximum growth rates. Starvation by phosphorus may cause a reduction of phosphorusrich cellular compounds, such as ATP, nucleic acids, and phospholipids (Sterner & Elser 2002) . Although synthesis of these cellular compounds after resupply of phosphorus seems insufficient for cells to immediately resume maximum growth, it is clearly faster than the resumed growth after nitrogen resupply to nitrogen-limited cells. Thus, the resource that limits growth determines the timing and rate at which Alexandrium tamarense will be able to resume growth and thus recover from nutrientlimited conditions.
After transfer of the cultures into a nutrient-replete medium, the cellular carbon and nitrogen contents increased 2-to 4-fold towards comparable values in all treatments ( Fig. 2A−D) . The relatively small changes in nitrogen quota upon a nitrogen pulse are in contrast to ob servations in cyanobacteria, which can store excess nitrogen in the polypeptide cyano phycin (Allen 1984 , Van de Waal et al. 2010 . Alexandrium tamarense seems incapable of such a luxury consumption of nitrogen and also cannot efficiently convert the sudden excess of nitrogen into biomass. The phosphorus content, however, showed a remarkable increase of up to 28-fold during the first 2 d after the transfer of phosphorus-starved cultures into the nutrient-re plete medium (Fig. 2E) . This luxury consumed phosphorus is presumably allocated to phosphorus-rich compounds such as polyphosphates that may serve as phosphorus storage ( Relationship (mean ± SE) between paralytic shellfish poisoning toxins (PST) content and cellular (A) N:P ratios and (B) arginine content of nutrient-starved cultures, as well as between (C) PST content and the specific growth rate after the transfer of cells into nutrient-replete medium (n = 3). Lines show linear regressions. See Fig. 1 for definitions Eixler et al. 2006 , Nishikawa et al. 2006 , Raven & Knoll 2010 . The ability to rapidly take-up and store phosphorus (see also Yamamoto & Tarutani 1999) , together with mixotrophic capabilities (Jeong et al. 2010 ) and the ability to use organic phosphorus (Anderson et al. 2012a , and references therein) may contribute to the widespread occurrence of A. ta marense. These traits provide a particular competitive advantage in waters with dy namically changing phosphorus concentrations (e.g. Smayda & Reynolds 2001) . The tested A. tamarense strain was isolated from coastal North Sea waters ), which indeed seem to be characterized by highly dynamic nutrient concentrations where phosphorus limitation may commonly occur (Loebl et al. 2009 ). To what extent these findings also apply to other Alexandrium species and strains needs to be further investigated. Cells grown under nutrient-replete conditions showed the highest cellular amino acid content, followed by cells grown under phosphorus starvation. As expected, cells grown under nitrogen starvation comprised lowest amino acid content, confirming earlier findings with respect to Alexandrium tamarense (Figs. 3 & 4; Flynn et al. 1993) . Once cells resumed growth after a 4 d lag phase, amino acid content increased and stabilized at values comparable to the other treatments (Fig. 3) . Upon nutrient resupply to the nutrient-replete and phosphorusstarved cultures, the total amino acid content shows dynamic changes. This suggests that both nutrient limitation and resumed growth alter the cellular amino acid content. More specifically, the initial decrease in amino acid content might be a result of resumed growth, whereas the subsequent increase may be a result of recovery from nutrient limitation.
PST production is tightly coupled to the synthesis of amino acids, notably arginine (Shimizu 1996) , which in turn depends on the carbon and nitrogen assimilation pathways (Fig. 7) . The high amount of total amino acids under nutrient-replete conditions prior to the transfer can be largely explained by the high cellular glycine content (Fig. 4) . In turn, this high cellular glycine content may be explained by enhanced photorespiration, which has been shown to be particularly promoted under low CO 2 conditions (Renberg et al. 2010) . After the transfer into a fresh nutrient-replete medium, cellular glycine content dropped, whereas Glx content increased. Glx comprises first products in nitrogen assimilation (Fig. 7) , and synthesis of glutamine was shown to be particularly promoted upon nitrogen resupply to nitrogenlimited cells of various dinoflagellate species (Flynn et al. 1993 (Flynn et al. , 1996 . Apparently, nitrogen assimilation was affected by the high pH, low CO 2 conditions in the nutrient-replete stationary cultures, and recovered upon transfer into a fresh nutrient-replete medium. Phosphorus limitation caused a shift in amino acid composition towards relatively more Glx and arginine. The higher cellular availability of arginine and its direct precursors, in turn, may explain the higher cellular PST content (Figs. 6 & 7,  Table 1 ). Upon nutrient resupply to phosphorus-starved cells, cellular glycine content strongly increased. At the same time, cells contained only low amounts of valine and leucine (Fig. 4B) . The lower cellular contents of these amino acids potentially resulted from enhanced synthesis of glycine. Production of glycine requires glyceraldehyde-3-phosphate, an important precursor for pyruvate, which in turn is needed for the synthesis of valine and leucine (Fig. 7) . Thus, our results illustrate a tight coupling between assimilation of carbon, nitrogen and phosphorus, and the synthesis of amino acids and PSTs.
The cellular PST content and composition in Alexan drium tamarense showed differential changes after transfer into a nutrient-replete medium (Fig. 5) . In the nutrient-rich treatment, PST content remained unaltered, whereas in the nitrogen-starved treatment it gradually increased (Fig. 5A) . Interestingly, in the phosphorus-starved cultures, PST content initially decreased until the third day, after which it rapidly returned to near maximal levels. This initial decrease in PST content occurred simultaneously with a substantial increase in cellular phosphorus content (Fig. 2D, E) . The higher cellular phosphorus content caused a temporary decrease in the cellular N:P ratio. Under these conditions, cells potentially allocate nitrogen to the synthesis of phosphorus containing compounds, such as polyphosphates or nucleic acids (Fig. 7) . As a result, this may lower the amount of nitrogen available for production of nitrogen-rich PSTs. Yet, the lowered PST content may also be associated with the enhanced growth rate occurring at the same time, which cannot be uncoupled from changes in N:P ratios. After the initial decrease, cellular PST content increased towards maximal values and was higher than observed in the nutrientrich treatment. This suggests that phosphorus resupply to phosphorus-starved cells promoted the cellular PST content, which may be related to the seemingly higher cellular arginine content. Our results thus demonstrate a carry-over effect not only on growth, but also on PST content. The cellular PST content has been shown to decrease upon nitrogen limitation or starvation, increase upon phosphorus limitation or starvation, and consequently increase with increasing cellular N:P ratios in various Alexandrium species (Table 3 , Fig. 6A , see also Anderson et al. 1990a , Béchemin et al. 1999 , John & Flynn 2000 , Granéli & Flynn 2006 , Lim et al. 2010 , Murata et al. 2012 . This relationship may be explained by shifts in amino acid content, particularly arginine (Table 3 , Fig. 6B , see also Anderson et al. 1990a , Flynn et al. 1994 , John & Flynn 2000 ). Yet, cellular PST content has also been shown to vary with growth rate. The direction of this change, however, depends on the growth-controlling nutrient. More specifically, when nitrogen controls growth, PST content typically increases with increasing growth rate. Contrastingly, when phosphorus controls growth, PST content typically decreases with increasing growth rate (Table 3 , Fig. 6C , see also Anderson et al. 1990a ,b, Cembella 1998 , John & Flynn 1999 , 2000 , Leong et al. 2004 , Lim et al. 2010 ). Here we show that upon nutrient starvation, PST content can be explained by the cellular N:P balance, and particularly by the cellular arginine content. Once nutrients are re-supplied, PST content can be related to growth rate, but the direction of this relationship depends on the growth-controlling nutrient (Fig. 6) .
Besides changes in PST content upon the transfer of cells into a nutrient-replete medium, we also ob served a clear change in PST composition (Fig. 5B−D) . Interestingly, PST composition shifted in all treatments from NEO towards STX upon the transfer. Vice versa, it seems that upon growth limitation, irrespective of the limiting resource, part of the synthesized STX is hydroxylated towards NEO Table 3 . Alexandrium spp. Relative changes in total cellular paralytic shellfish poisoning toxins (PST) content of various reported Alexandrium spp. in response to N and P limitation or starvation (during stationary/steady state growth) compared to non-limiting conditions (exponential growth). Arrows: increase (↑) or decrease (↓) in cellular PST content upon nitrogen (LN) or phosphorus limitation (LP), and with increasing cellular/supply N:P ratios, growth rate, and amino acid content. (−): PST content did not change. Shift (Y) or no shift (N) in PST composition; na: not analysed (Fig. 7) . Such a shift in PST composition has been reported earlier in Alexandrium tamarense, changing from STX towards NEO when cells reached stationary growth (Boczar et al. 1988) . Furthermore, A. tamarense cultures grown under nitrogen-limited conditions produced relatively less STX and more NEO as compared to nitrogen-replete growing cultures (MacIntyre et al. 1997) . Several other studies also reported comparable changes in PST composition of A. tamarense during the transition from exponential to stationary growth phase. For instance, PST composition shifted towards relatively less C2 and relatively more of the hydroxylated C4 (Hamasaki et al. 2001) , or towards relatively less GTX5 and relatively more of the hydroxylated GTX1, GTX4 and GTX6 (Boyer et al. 1987) . Thus, growth limitation as a result of nutrient stress may have consequences for the hydroxylation of PST analogues, although further work is needed to fully elucidate the processes underlying this relationship. Here, we confirm earlier studies about the impact of nutrient availability on the cellular PST content in Alexandrium spp. When cells are starved, PST content and changes therein can be explained by N:P stoichiometry and arginine content. Once in exponential growth, PST content can be largely related to growth rate, but this relationship depends on the growth-controlling resource. Furthermore, resource limitation may promote hydroxylation of PSTs shifting the PST composition towards more NEO and less STX. Our findings also illustrate a high potential of luxury consumption of phosphorus by A. tamarense, which may contribute to its widespread occurrence. All in all, we show that linking carbon, nitrogen and phosphorus assimilation with amino acid synthesis improves our understanding of processes underlying the cellular PST content and composition. 
